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mensional principal coordinates and virulence to wheat differential lines grouped the isolates into four Middle East (ME) groups. The two largest ME groups had virulence phenotypes typical of isolates collected from common wheat and two smaller ME groups had virulence typical of isolates collected from durum wheat. All pairs of ME groups were significantly differentiated for SSR genotype based on R ST and F ST statistics, and for virulence phenotype based on Φ PT . All ME groups had observed values of heterozygosity greater than expected and significant fixation indices that indicated the clonal reproduction of urediniospores in the overall population. Linkage disequilibria for SSR genotypes was high across the entire population. The overall values of R ST and F ST were lower when isolates were grouped by country of origin that indicated the likely migration of isolates within the region. Although the two ME groups with virulence typical of isolates from common wheat were not differentiated for SSR genotype from groups of isolates from Central Asia based on R ST , there was no direct evidence for migration between the two regions because all ME isolates differed from the Central Asia isolates for SSR genotypes.
Puccinia triticina Erikss., the causal agent of leaf rust of wheat, is a widespread and commonly occurring pathogen throughout the Middle East region (30, 31) . Leaf rust is considered a major disease of wheat in Israel (21) , Egypt (23) , and the coastal areas of Turkey (5) . Leaf rust of wheat is most commonly found in coastal areas along the Mediterranean or Black Sea region or in river valleys where cooler temperatures and higher moisture levels are found. Common hexaploid wheat (Triticum aestivum L.) and tetraploid durum wheat (T. turgidum subsp. durum) are cultivated throughout the region. Different types of P. triticina that are distinct for virulence (26) and molecular genotypes (25) are specialized to common wheat and durum wheat, although the two types share the alternate host Thalictrum speciosissimum L. and are sexually compatible (2) . The Fertile Crescent region of the Middle East, extending from Israel and Lebanon to the Mesopotamia region of Turkey, Syria, Iran, and Iraq, is the center of origin for modern forms of common and durum wheat (9) . Arthur (4) indicated that the center of origin of P. triticina was in southwest Asia, likely somewhere in the Fertile Crescent region. T. speciosissimum is found in the Mediterranean region, including Turkey (36) . Ethiopia also has a diverse wheat culture because common wheat and durum are cultivated together and land races of tetraploid emmer wheat have been grown in Ethiopia for thousands of years (28) .
The population biology of P. triticina has been studied using both virulence to wheat differential lines with specific leaf rust resistance genes and various types of molecular markers. Goyeau et al. (11) found that distinct groups of P. triticina in France had a high correlation between virulence to wheat differential lines and simple-sequence repeat (SSR) markers. Similarly, a moderate correlation between virulence and SSR markers was found in P. triticina groups in North America (27) , South America (24) , and Central Asia (17) . Groups of P. triticina that were collected from tetraploid durum wheat and hexaploid common wheat (22) had very high correlations between virulence phenotypes and SSR genotypes. All populations of P. triticina that have thus far been examined showed very strong indications of clonal reproduction, with no evidence for sexual recombination. The population genetics of clonally reproducing populations has recently been examined (12) .
The major objective of this study was to determine whether distinct groups of P. triticina based on SSR genotypes and virulence phenotypes are present in the Middle East and East Africa. Also, because this region may include the center of origin for P. triticina, we examined the Middle East population for any characteristics that might indicate the presence of sexual recombination. Furthermore, we wished to determine whether the population in the Middle East where wheat has been cultivated for thousands of years had similar associations between virulence phenotype and SSR genotype that characterized populations in North America and South America, where wheat has been cultivated for a much shorter period of time and where suitable alternate hosts are not present. The final objective was to compare the P. triticina population from the Middle East and East Africa with previously characterized populations in Central Asia to assess the degree of genetic relatedness of P. triticina groups in these two regions. Collections from Kenya were from the mid-1980s. A collection consisted of leaves with uredinial infections from a single cultivar or breeding line of wheat at a single location. One to two single uredinial isolates increased from each collection were derived as previously described (16) . Urediniospores of most isolates had been tested previously for virulence phenotype and were kept afterward in either liquid nitrogen (23) or vacuum tubes (15) at 4°C prior to additional virulence testing and SSR genotyping.
MATERIALS AND METHODS

P. triticina
Virulence phenotypes. Urediniospores of each isolate were used to inoculate 7-day-old seedlings of 'Thatcher' (CI 1003) as previously described (16) in order to increase urediniospores for virulence testing and DNA extraction. To determine the virulence phenotypes of the P. triticina isolates, five sets of four Thatcher near-isogenic lines of wheat, each carrying one leaf rust resistance gene, were used: set 1, Lr1 (isogenic line RL6003), Lr2a (RL6000), Lr2c (RL6047), and Lr3 (RL6002); set 2, Lr9 (RL6010), Lr16 (RL6005), Lr24 (RL 6064), and Lr26 (6078); set 3, Lr3ka (RL6007), Lr11 (RL6053), Lr17 (RL6008), and Lr30 (RL6049); set 4, LrB (RL6047), Lr10 (RL6004), Lr14a (RL6013), and Lr18 (RL6009); set 5, Lr3bg (RL6042), Lr14b (RL6006), Lr20 (RL 6092), and Lr28 (RL6079). Thatcher was included as a susceptible control. Urediniospores of each isolate were spray inoculated to each set of 7-to 8-day-old differentials as previously described (16) . Virulence phenotypes were determined 10 to 12 days after inoculation for each isolate on each Thatcher differential line using a 0-to-4 scale (20) . Infection types 0 to 2 + (immune response to moderate uredinia with necrosis or chlorosis) were classified as avirulent and infection types 3 to 4 (moderate to large uredinia without chlorosis or necrosis) were classified as virulent. Each isolate was given a five-letter code based on virulence or avirulence to each of the five sets of four differentials as adapted from the North American nomenclature for virulence in P. triticina (20) . For analysis, virulence phenotypes were described with a 20-digit binary number based on avirulence or virulence. (7) . Amplification and electrophoresis were carried out as previously described (35) . Allele sizes in base pairs were scored visually for each primer pair by using a LI-COR (Lincoln, NE) 4200 or 4300 DNA sequencer that was calibrated with IRDye 700 molecular weight size standards. DNA bands generated by each primer pair were compared with the allele sizes in the initial characterization of the SSR primers (35) and also with other P. triticina isolates previously characterized (27) using the same set of SSR primers. Separate DNA samples of isolates included in both previous studies and in the current study as controls had the same SSR genotypes.
Data analysis. The molecular weights for alleles at each of the 23 SSR loci for all isolates were recorded in the GenAlex 6 (29) format. Isolates from the same country that had identical virulence phenotypes and SSR genotypes were eliminated, which left 103 isolates for further analysis. The P. triticina isolates were assigned to Middle East (ME) groups based on a principal coordinate analysis (PCA) plot derived from a matrix of genetic distances (33) between all pairs of SSR genotypes. Isolates in two of the groups were also separated based on virulence to Thatcher wheat. Neighbor-joining trees (1,001 total) were generated with Powermarker v3.25 (19) using Nei's distance coefficient, and bootstrap values for support of isolates in the groups were obtained with the CONSENSE program in Phylip 3.6 (10) .
Averages of single-locus parameters for the isolates in the SSR groups-number of alleles, number of effective alleles (N e ), Shannon's information index (I), observed heterozygosity (H O ), expected heterozygosity (H E ), and fixation index (F)-were calculated with GenAlEx 6. Genetic differentiation via the analysis of molecular variance (AMOVA) (8) with 999 permutations of the data set was calculated for the SSR genotypes with R ST that assumes a stepwise mutation model and by F ST that assumes the infinite alleles model. An analogous measure developed for binary data, Φ PT , was used to calculate differentiation of the virulence phenotypes in the SSR groups. Pairwise values of R ST , F ST , and Φ PT were calculated via AMOVA among SSR groups. A Mantel correlation coefficient was calculated between the SSR distance matrix and the virulence distance matrix with GenAlex 6. Linkage disequilibrium across all SSR loci was calculated with the index of association (I A ) and also with a measure corrected for the number of loci, D r , using MultiLocus v1.3 software (1). Tests of departure from random mating for both indices were done with 1,000 randomizations of the data set. The significance in differences of frequency (%) of virulence to leaf rust resistance genes in different SSR groups of P. triticina isolates was determined with Fisher's exact test (34) .
Ninety-nine isolates of P. triticina from Central Asia (Kazakhstan, Tajikistan, and Uzbekistan) and the Caspian Sea region (Azerbaijan, Armenia, and Georgia) that had been previously grouped by country of origin (17) were grouped based on a PCA plot derived from the SSR genotypes using the same set of 23 SSR markers as the isolates from the ME. Isolates from Central Asia and the Caspian Sea had also been tested for virulence to the same 20 Thatcher line differentials as the ME isolates. The data set from Central Asia and Caspian Sea region was combined with the ME data set for both SSR genotypes and virulence phenotypes. Tests of genetic differentiation of isolate groups from both regions were done in GenAlex 6 via the AMOVA procedure with 999 permutations of the combined data set. R ST and F ST were used to determine differentiation of groups based on SSR genotypes and Φ PT was used to determine differentiation based on virulence phenotypes. R ST and F ST pairwise values between SSR groups from both continents were also plotted as an unrooted tree with PHYLIP 3.6 (10) using the NEIGHBOR clustering option.
RESULTS
In total, 118 P. triticina isolates from Egypt, Israel, Ethiopia, Turkey, and Kenya were tested for SSR genotypes and virulence phenotypes. Only one isolate of each SSR genotype-virulence phenotype from each country was retained. After removal of identical clones, there were 103 isolates for the analyses. There were 42 isolates from Egypt, 27 from Israel, 19 from Ethiopia, 10 from Turkey, and 4 from Kenya ( Table 1 ). The isolates were placed into ME groups using a PCA plot based on SSR genotypes, and virulence to the wheat differential lines that resulted in four groups (Fig. 1A) . Isolates in ME-1 and ME-2 clustered discretely for SSR genotype and had virulence characteristics of isolates from common wheat. Isolates in ME-3 and ME-4 were well separated from isolates in ME-1 and ME-2 based on SSR genotypes and had virulence phenotypes characteristic of isolates from durum wheat. Isolates in ME-3 were avirulent to Thatcher and isolates in ME-4 were virulent to Thatcher. High bootstrap support values of >95% were obtained for clustering of isolates within ME-3 and ME-4 and separation of ME-1 and ME-2 from ME-3 and ME-4 (Fig. 1B) . ME-1 consisted of 40 isolates from all five countries, with 39 virulence phenotypes and 18 SSR genotypes (Table 2) . ME-2 was the largest group, with 47 isolates from Egypt, Israel, Kenya, and Turkey that included 41 virulence phenotypes and 23 SSR genotypes. ME-3 was the smallest group, with three isolates, all from Ethiopia, that had different SSR genotypes and were avirulent to Thatcher. ME-4 consisted of 13 isolates from Ethiopia, Egypt, Israel, and Turkey that had nine different SSR genotypes, with 10 virulence phenotypes that were mostly BBB--phenotypes (Table 1) .
The four groups of isolates varied for the average number of alleles per SSR locus from 3.30 in ME-2 to 2.21 in ME-3 ( Table  3 ). The four groups varied little for number of effective alleles (N e ), from 1.76 to 1.88. The diversity of SSR genotypes as measured by Shannon's I was somewhat higher in the two larger groups, ME-1 and ME-2, compared with the smaller groups ME-3 and ME-4. All four groups had higher values of observed heterozygosity (H o ) at SSR loci compared with expected values (H e ). Isolates in ME-1 and ME-2 had larger fixation indices (F), which is a comparison of the observed versus expected heterozygosity levels, compared with isolates in ME-3 and ME-4. The lower ratio of H o to H e in these two groups may be a function of the smaller number of isolates. Groups ME-3 and ME-4 also had lower levels of Shannon's I, indicating an overall lower level of SSR genotype diversity relative to the number of isolates. Linkage disequilibria between SSR loci for all 103 isolates was high, with an I A of 6.66 and an D r of 0.32. The overall value of R ST for the four ME groups was 0.632, with 63% of the SSR variation between the groups, 16% among individual isolates within groups, and 21% within individuals. All pairs of ME groups were significantly differentiated for R ST at the 0.05 confidence level (Table 4 ). The overall F ST was 0.344, with 25% of the variation between groups, 0% among individuals, and
The four ME groups also differed for virulence to the isogenic Thatcher lines. Isolates in ME-3 were avirulent to Thatcher and, therefore, were avirulent to all of the Thatcher lines (Table 5) . Isolates in ME-4 were relatively avirulent because none of the isolates had virulence to 11 of the differentials and <10% of the isolates had virulence to four differentials. Isolates in ME-1 and ME-2 were highly polymorphic for virulence to nearly all of the resistance genes, and differed at the 0.05 confidence level for virulence to seven resistance genes and at the 0.01 confidence level for five resistance genes. ME-1 and ME-2 differed the most (>70%) for virulence to Lr20 and Lr28. The different frequencies of virulence in the ME SSR groups was also reflected in the Φ PT parameters (Table 4) , because all ME groups were significantly differentiated for virulence phenotypes. The overall Φ PT was 0.34, with 34% of the virulence variation between groups and 66% of the variation within groups. There was a significant correlation between the SSR genotypes and virulence phenotypes of the 103 isolates, with a Mantel value of 0.48 at the 0.001 confidence level. Removing the highly avirulent isolates in ME-3 and ME-4, the Mantel correlation of isolates in ME-1 and ME-2 for SSR genotypes and virulence phenotypes was 0.43.
To determine whether there was a strong geographic basis for distribution of SSR genotypes and virulence phenotypes, the 103 isolates were grouped on the basis of country of origin. Isolates from Kenya and Ethiopia were grouped together. For SSR genotypes, isolates from Ethiopia and Kenya were not significantly differentiated for R ST from isolates from Israel and Turkey (Table  6 ). Isolates from Israel were not significantly differentiated from isolates from Turkey. All other pairs were significant for R ST differentiation. The overall R ST was 0.072, with 7% of the SSR variation between countries, 27% within individual isolates, and 66% within individuals. For virulence phenotypes, isolates from Ethiopia and Kenya were not significantly differentiated for Φ PT from isolates from Israel. All other pairs of countries had significant differentiation for Φ PT . The overall Φ PT was 0.091, with 9% of the virulence variation between countries and 91% between individual isolates.
The 99 isolates from Central Asia and the Caspian Sea region were placed into four discrete groups of SSR genotypes as represented in a PCA plot (figure not shown). Central Asia (CA) SSR groups CA-1, CA-2, CA-3, and CA-4 had 18, 46, 15, and 20 isolates, respectively. The SSR genotypes of the four ME and four CA groups were analyzed jointly to determine the degree of genetic differentiation between SSR groups in the two regions. None of the ME isolates had identical SSR genotypes with the CA isolates and all of the ME isolates differed from the CA isolates at four or more SSR loci. Based on R ST values, isolates in ME-1 were not significantly differentiated from isolates in CA-2; isolates in CA-1 and CA-4 and in CA-3 and CA-4 were not significantly differentiated; and isolates in ME-2 were not significantly differentiated from isolates in CA-1, CA-2, and CA-3 ( Fig.  2A. ) All other pairs of groups were differentiated for R ST . The overall R ST was 0.531, with 0% of the variation between the two regions, 60% among CA and ME groups, 7% among individuals within groups, and 33% within individuals (Table 7) . Based on F ST , all CA and ME groups were significantly differentiated (Fig.  2B) . The overall F ST was 0.361, with 8% of the variation between the two regions, 20% among the CA and ME groups, 0% among individuals, and 72% within individuals. All of the ME groups were significantly differentiated from the CA groups for virulence phenotype. The overall Φ PT was 0.531, with 1% of the virulence variation between the two regions, 39% between the CA and ME groups, and 60% among isolates within groups.
DISCUSSION
In this study, there was strong evidence for four distinct groups of P. triticina in the Middle East and East Africa, with two large groups (ME-1 and ME-2) that had SSR genotypes and virulence characteristic of isolates from common wheat cultivars and two smaller groups (ME-3 and ME-4) that were characteristic of isolates from durum wheat cultivars. These results are consistent with the strong effect of telial host specialization in structuring P. triticina populations in regions where durum and common wheat are grown together (22) . The overall high level of linkage disequilibria for SSR loci and the H o values (12) of all four groups indicated high clonality in the ME population, with no evidence of sexual recombination.
The overall values for R ST and F ST were smaller when the isolates were grouped by country compared with the groupings based on SSR genotypes. This indicated that SSR genotypes that were identical or highly related could be found in more than one country. Egypt and Israel had the highest R ST differentiation, due to higher number of isolates from durum wheat in Israel compared with only one durum type isolate from Egypt. Turkey and Egypt had the next highest R ST differentiation because isolates from Turkey were mostly in ME-2. Sampling a much larger number of collections from common wheat, McVey et al. (23) found P. triticina isolates with identical virulence phenotypes collected in the same year in Israel and Egypt. Collections from Egypt were more similar for virulence compared with the Israeli isolates than were isolates from Egypt and Turkey. It is very likely that some migration of P. triticina occurs between Israel and Egypt, and perhaps throughout the region, including East Africa. Distinct associations between SSR genotypes and virulence phenotypes that characterized isolate groups from common wheat in North America (27) and South America (24) were not apparent in the ME population. In the North American population of P. triticina, isolates that were avirulent to Lr2a and virulent to Lr2c had distinct SSR genotypes compared with isolates that were virulent or avirulent to both genes. In the ME population, there was no clear distinction of SSR groups that corresponded with virulence to these genes. ME-1 and ME-2 both had isolates that were avirulent to Lr2a and virulent to Lr2c as well as isolates that were virulent or avirulent to both genes. In the ME population, isolates with virulence to Lr17 and Lr3bg and avirulent to Lr28 were found in both ME-1 and ME-2 but were found in only one SSR group in North America (27) and South America (24) .
Genes Lr1, Lr3, Lr10, Lr17, Lr18, Lr23, and Lr26 have been postulated to be present in Egyptian wheat cultivars (23) , and Lr10, Lr11, Lr17, and Lr26 were postulated to be present in a Number of isolates in each group: ME-1 = 40, ME-2 = 47, ME-3 = 3, and ME-4 = 13. b Significance of difference. ME-1 and ME-2 difference: ns = frequencies of ME-1 and ME-2 not significantly different, P > 0.05; * = significant difference at P < 0.05; ** = significant difference at P < 0.01 from Fisher's exact test (34) . Israeli wheats (J. A. Kolmer, unpublished data). Virulence was common in both ME-1 and ME-2 to all of these genes, except for Lr23, which was not included in this study, and virulence to Lr18, which was low in both groups. None of the isolates in ME-2 were virulent to Lr9 or Lr24. Both of these genes were introgressed into common wheat from lower ploidy relatives of wheat that are not hosts of P. triticina (2) . In the absence of wheat cultivars with these genes, isolates with virulence to Lr9 and Lr24 would be rare. Similarly, Lr18 was also derived from a wild relative of wheat. The overall genetic differentiation based on R ST differed compared with F ST for both the ME population and the combined ME-CA populations. R ST , based on the single-step mutation model (32) , assumes that alleles that are closer for molecular weight are more closely related. F ST , based on the infinite-alleles model (38) , assumes that all alleles, regardless of molecular weight, are equally different. Mutation is the presumed source of variation in the R ST model and genetic drift is the primary source in the F ST model. Mutation is likely a recurrent event in P. triticina populations because new virulence phenotypes are often detected shortly after release of wheat cultivars with race-specific Lr genes (14) . Given the size of P. triticina populations (hundreds to thousands of infections per plant; hundreds to thousands of spores produced per infection, and widespread geographical distribution), it would be expected that random mutations would produce new virulence phenotypes and also variation at microsatellite loci. Single virulence differences and single SSR allele differences were found among isolates within North American groups of P. triticina (27) , suggesting the importance of mutation. Genetic drift might be important in structuring P. triticina populations if some bottleneck effect occurred such as severe winters that would eliminate a population from overwintering, as occurred with P. striiformis (stripe rust of wheat) in Denmark (13) , or large-scale release of cultivars that are highly resistant to all current races and removal of the alternate host, as has occurred with P. graminis (wheat stem rust) in North America (14) . However, there is no evidence that events similar to these have influenced genetic diversity in P. triticina in the ME or other regions where the rust occurs.
Based on R ST , isolates in ME-1 and ME-2 were not differentiated from groups in the CA population; however, none of the isolates in ME-1 or ME-2 had identical SSR genotypes with the CA isolates and, therefore, there is no direct evidence of migration between the two regions. If migration events have occurred, this was likely followed by mutation at SSR and virulence loci to generate the dissimilar genotypes. It is also possible that the major groups of P. triticina on common wheat in the Middle East and Central Asia were established from very similar founding populations with little current migration. The F ST data did not support migration between the two regions because all the ME groups were differentiated from the CA groups. There is no previous data regarding movement of P. triticina between the ME and CA regions.
The Middle East is unique because progenitors of cultivated wheat are found throughout the region. Triticum turgidum var. dicoccoides Koern (wild emmer), the tetraploid (AB genomes) progenitor of modern durum and common wheat, is native to the region and grows in Israel, Jordan, Syria, and Turkey. Archeological sites have indicated that wild emmer has been cultivated for over 10,000 years in the Fertile Crescent (9) . Isolates of P. triticina from common wheat are virulent to most accessions of T. turgidum var. dicoccoides (3); therefore, it is possible that leaf rust has been established in the Middle East for thousands of years. The majority of isolates of P. triticina collected from stands of wild emmer in Israel had virulence phenotypes (6) similar to isolates in ME-1 and ME-2. The P. triticina collections from wild emmer did not differ for virulence phenotype compared with isolates from common wheat (3, 18) in Israel. Infections of P. triticina potentially survive the summer on T. dicoccoides, providing an inoculum source for infections on cultivated wheat in the fall and spring.
The long-term cultivation of emmer wheat combined with the use of modern common wheat and durum wheat cultivars has the potential to host a highly diverse population of P. triticina in the ME region. The ME population was unique compared with other P. triticina populations because characteristic associations between certain virulence phenotypes and SSR groups were not found. The long-term establishment of P. triticina in this region may have reduced disequilibria between these characteristic virulence and SSR markers. It is also possible that the widespread cultivation of modern hexaploid common wheat cultivars throughout the ME region has had a major selective effect and has reduced whatever effect the wild emmer populations had on the P. triticina population.
Alternate hosts for P. triticina are not native to Israel (37), Egypt, Ethiopia, or Kenya. Thalictrum flavum (syn. T. speciosissimum) has been reported in Turkey (36) ; however, the pycniaaecial stage of P. triticina has not been observed and there is no evidence that T. flavum is functioning as an alternate host. Wild emmer and T. urartu, the donor of the A genome in common wheat and durum wheat, and T. tauschii, the donor of the D genome, are all found in Turkey (9) . The overlapping range of wheat progenitors with a suitable alternate host indicates that Turkey may be the center of origin for P. triticina. If sexual recombination occurs in Turkey on T. flavum, the effects on population parameters are very small compared with the clonal effect of urediniospore production and selection by leaf rust resistance genes in the wheat crop. Furthermore, there was no evidence to indicate the importance of sexual recombination because high H o and F values in ME-1 and ME-2 indicated clonal reproduction. In summary, two groups that had virulence phenotypes and SSR genotypes characteristic of isolates from common wheat and two groups typical of isolates from durum wheat characterized the P. triticina population in the Middle East. Although virulence-SSR genotype associations characteristic of P. triticina populations in other regions were not found and an alternate host of P. triticina is present in the region, suggesting the possibility of sexual recombination, the overall high levels of linkage disequilibria and heterozygosity at SSR loci indicated the prevalence of clonal reproduction in the ME population. Furthermore, based on R ST differentiation, the two groups from common wheat hosts were closely related to groups of isolates from Central Asia, although there was no direct evidence for migration due to the lack of common SSR genotypes in the two regions.
